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SUMMARY

An experiment has been performed in a low speed wind-tuunel to determine the mean
flow relaxation characteristics for a zero pressure gradient turbulent boundary layer
which encounters a small forward facing step. Of primary interest is t- behaviour of
the local wall shear stress downstream of the step and this has been decermined by the
use of a series of buried hot-wire gauges. The mean velocity profiles downstream of ‘the
stap have beer measured using a traversing Pitot tube and these have indicated that a
step produces very marked changes in the distribution for both the inner and outer regions
of the flow., The results shed new light upon the variation of wall shear stress down-
stream of a severe perturbation ard also indicate that the use of Preston tube or Clauser
chart methods for the determination of wall shear may lead to very large errors. As &
consistency check on the data, estimates of the step drag based upon rorce-momentum
conservation cinsideraticns have been compared with previously published drag balance
measuremert., :he agreemert between the data sets is very good.

NOTATION
A,B constants in the semi-logarithmic inner u velocity in the x direction
region ’

- Ur friction velocity (Tw/o)k
A,B constants in the buried wire gauge

calibration X,y coordinate system with the origin at
the step location - see figqure 1

CD drag coefficient of the step based upon -
step frontal area and free-stream § height above the wall at which u reaches
dynamic pressure (%pU_2) 99.5% of the free-stream speed

C¢ skin friction coefficient (Twlanmz) 8 boundary layer momentum thickness

Cp' pressure coefficient (p-p,/%oU_2) v kinematic viscosity

E output voltage from hot-wire bridge p density

H boundary layer shape factor T shear stress

h step height Subscripts

od static pressure W at the wall

Y Reynolds number = in the undisturbed free-stream

T temperature

oT  difference betwaeen hot-wire operating
teriperature and the flow relerence
temperature

INTRODUCTION

In recent years there has been considerable interest in the possibility of direct
manipulation of the structure of turbulent bcundary layers with a view to reducing the
overall dreg of a given surfrce. So far twe aeil.ods, which have potential aeronavtical
applications and which hevi been shown to ptoduce modest but repeatable drag reductions
for attachied fully turbul:nt boundary layer:, have been ideatified, The first involves
the use of small streamwise w.ll ribs, or riblets (Walshl) whilst the second involves the
use of sirgle transverse devices which 1lpcally break up the large eddies in the cuter
part of the boundary layer (Hefner et al<), These lutter d=vice. are collectively known
as LEBUs - standing for Largye vidy Brea¥ Up. It appears that, uc:d in conjunction, these
turbulence modifiers could produce overall drag reductions of order 5 - 20% for typical
civil aircraft configurations. This level of reduction may appear to be rather small but
in a review paper Bushnell3 has estimated that a 20% reduction in fuselage skin friction
for the whole of the United States CTOL civil aircraft fleet would result in an annual
saving of almost one billion dollars in fuel costs .lone. A financial incentive of this
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magnitude should provide a powerful argument in support of ccntinued research intc the
fundamental aspects of turbulent boundary layer structure,

It seems that the wal. r’ :lets and the LEBU3 operate on entirely di{ferent principles.
In the former case the drag reduction is associated with the riblet aud is felt directly
by the riblet. Therefore a surface will have minimum drag if it is completely covered
with riblets. A LEBU is, han aver, an isolated disturbance which itself carries a drag
penalty. The immediate etferl orf the LEBU is to reduce the wall shear stress downstream
of the device. This perturbru wall shear gradually relaxes with increasing distance
downstream and, conseque-tly, a succaessful LEBU is one for which the device dreg plus
the integrated wall shea. /s less than the integrated wall shear for the undisturbed
flow., To date, however, much of the LEBU work has served mainly to highlight the ygener-
ally poor level of unc.rstanding of the behavicur of non-equilibrium boundary layer
flows. 1In particular Hefner et al2 report that there is a dearth of definitive (reliable)
data for initially e-juilibrium turbulent boundary layers relaxing fully to a new equil-
ibrium, or self-preserviny, states after having experienced an abrupt change in borndery
condition. Clearly such a relaxation process is of key importance in a drag reducing
system since this .~ the region in which the wall shear stress falls below its undis irbed
value. It is, primurily, this basic lack of informat.on which has prompced the present
investigation.

The experiment to be described in this paper reveals some of the features of the
grncess by which a fully turbulent boundary layer, which has initially developad under
conditions of zero-pressure gradient, returns to an equilibrium state after it has
encounieved a small forward facing step. This particular flow is of interest for three
basic reasons. 1In the first instance the step acts as a one parameter LEBU device since
it constitutes a 'change in boundary condition' for the flow which results in a highly
localised and extremely severe pressure perturbation near the surface. There ~re, in
the terms suggested by Hefner, the resulting relaxation process is relevant t. physics
of LEBUs in general, despite the fact that, in this case, the pressure force on the step
is too large for there to be a net reduction in drag. The basic drag of the step forms
the second reason for interest in this flow since the forward facing step constitutes a
surface imperfection, or excresei.de, which is commoaly found in aeronautical applications.
Whilst it has been known for many years that this type of imperfection can produce
significant drag increments there is still only a very limited amount of design infor-
mation available - see Young and Pattersond. The recults of this experiment will supple-
ment this data base. Finally, in relation to the basic problem of measuring local wall
shear stresses, there are now cormmercially available hot-film gauges which can be fixed
directly to the s rface under investigation. Since these gauges have finite thickness
the upstream edge will constitute a forward facing step which must disturb the flew
locally. Therefore, before these gauges can be used with confidence, it 1is necessary to
quantify the effects ot the step on the flow at the point at wvhich the measurement of
wall shear is made.

THE EXPERIMENTAL ARRANGEMENT AND TEST CONDITIONS

The experimental arrangement and notation are sumnarised in figure 1. Tests were
perfcrmed in a low-speed wind tunnel with a working section 11" wide and 7" high. 1In
order to obtain a thick viscous layer :he test boundary layer was that geuerated on the
floor of the wurking section. To smocth out any spanwise non-uniformity introduced by
natural transition this boundary layer was tripped by a trans.c.rse wire 0,060" in
diciweter placed 10" upstream of the step. Part of the floor of the wind~tunanel consisted
of an aluminium plate 36" long and 15" wide which was held in place by four screw jacks.
These jacks could change the level of this section of the floor in relation to the
upstream section which was fixed relative to the tunnel contraction cone. Normally
these jacks are used to enable the plate to be set flush with the rest of the floor or
to be lowered for removal and replacement. However, for the present e.perimont the side
walls and roof were cut so that the portion of the werking section rormally in contact
with the plate could be moved relative to the rest of the tunnel. In this way the upstream
edge of the aluminium plate served as the step whose height could be set to any desirted
level simply by manipulating the jacks. Moreover, since the walls and roof moved with
the plate,the geometrical cross-sectional area of the working section was constant at all
streamwise locations irrespective of the height of the step. This meant that the dyramic
pressure of the free-stream would not change in the vicinity of the step as a result of
a continuity constraint imposed by the tunnel walls. An additional feature of this
tunnel was that cne of the sidewalls could be moved, as indicated in fiqgure I, There-
fore it was possible, by using the wall to balance far upstream and far downstream
static pressures, to ensure that flow beyond the step was relaxing under ccnditions
which were the same as those in which the flow ahead of the step had developed.

v

Reference conditions for the tests were determined by a wall mounted Pitot tube and
a static pressure tapr ng on the floor of the tunncl - these being positinned 4,00" and
2.32" upstream of th 2r. Statlc pressures were measured on the test surface at
various positions dc .ream of the ieference static tapping. Dicwnstream of the step
(i.e, on the removab. aluminium plate) a series of flush mcunted hot-wire gauges of the
type described by Rubesin et al5 were mounted at the positivns indicated in figure 1.
Thess were used t» measurec local wall shear-stress and wzre run in the constant temper-
atura mode with power being provided by a hank of conventional hot-wire anemometer
briages. Fipully, the tunnel has a traversing mechanism which allowed the measurement
of the mean velucity profiles with a small flattened "itot tube,

The free-stream conditions and the step heights used in these “ests are summarised

TR e ¢ AR i R i it ¥ 3.
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in table 1.
THE CALIBRATION OF THE FLUSH MOUNTED HOT-WIRES

One of the most significant features of the present investigation was the use of
flush mounted,or buried, hot-wire gaugets for the measurement of wall shear-stress.
Although these devices measure the stress 'indirectly' i.e. through a relation linkirg
stress to convective heat transfexr rate, their performance does not reguire the mean
velocity profile to exhibit any special features e.g. a universal law of the wall, Since
the profiles under investigation were initially non-equilibrium i_ was felt that the use
of Preston tubes or Clauser charts was essentially unjustifiable and that the hot-wire
gauge was the only practical alternative.

The gzuges were calibrated 'in situ' using the wall shear~stress distribution for
the undisturbed boundary as determined by Preston tubes. P2 typical calibration is
presented in figure 2. As suggested by Rubesin et al-? the calibration law is of the form

EZ

Ef _ 2. V3 B
T ATW + B.

In figure 2, however, this relation is inverted and presented as 1, versus E2/AT. This
direct form immediately reveals an inherent problem for this type ¢i gaugei namely tle
extreme sensitivity of the indicated value for shear stress to errors in E%/AT. In the
example given it is clear that a 1% error in E2/AT leads to a 20% error in ty. Conse:
quently, it is essential that E2/AT be known to a high deoree of accuracy. In principle.
it is possible to measure the E? component to within the necessary limlts but the
evaluation of AT posseSs a more serious problem. In a closed wind-tunnel the temperature
of the air tends to increase with time and there is also a variaticn of the temperature
of the aluminium plate, Since the maximum operating temperature of the vi-ve was
approximately 60°C (detarmined by the properties of the substrate) ancd the ambient
temperature of the air within the tunnel was about 20°C, then to guarantee the accuracy
of the shear stress to within :5% requires that the surface reference temperature ior the
gauge must be known to within 0.19C. In the present series of tests this surface
referenze temperature was obtained by using the moct downstream hot-wire gauge as a
resistance thermometer, Despite this, repeated calibrations indicated that the shear
stress accuracy was limited to :10%. However, it was felt that in future tests this
£igure could well be improved upnii.

EXPERIMENTAL RESULTS
a) Undisturb=d Boundary Layer

The variation of skin friction coefficient (Preston tnbe), momentum thiickness and
shape factor with position for a f3:~d free~stream nnit Reynolds number are presented in
figures 3,4 and £ respectively. Figure. - 1d 7 show the velocity proiilzs plotted in
*law of the wall' form and in 'velocity defect' form. These results show thac the
undisturbed boundary layer exhibits the usual mean flow characteristics of a turbulent
zero-pressure gradient boundary layer.

b) Surface Prassurz Distribution

The surfac: pressure distributions for various step heights are shown in rigure 8
where the streamwise coordinate x has been normalised with respect to the step height, h.
Also srown for comparison is the result according <o inviscid flow theory =- see Milne-
Thomson®. it is interesting to note that, despite the fact that the pressure :t a
fixed value of x/h increases slightly with increasing h/6, the surface pressure distri-
bution closely follows the behaviour of the inviscid solution. These distributions
clearly show the strength of the pressure perturbation introduced by the step. However,
it should also be appreciated that this perturbation decays very rapidly w! h distarce
aormal to the surface. The inviscid solution decay rate sujygests that the ..essure
perturbation will have virtualiy disappeared at the edge of the boundary layer. There-
fore, in the vicinity of the step, the assumption that 3p/3y is equal tc zero within the
boundary layer is not applicable. As a result of this difficulty no skin friction or
velocity profile measurements were made at an x/h of less than 6.

c) Wall Shear Stress Distribution .

The distribution of wall shear stress for the various step heights, as indicated
by the buried hot-wire gauges, is given in figure 9. Perhaps the most notable feature
is the complete insensitivity of 1, to the height of the step. 1In all cases the wall
shear~strecs has returrnasd to within :10% of the undisturbed value by the first measuring
station (0.768" downstream of the step).

ad) Momentum Thickness Reynolds Number

Figure 10 shows the variation of momentum thickness Reynolds number with downstream
position for saveral step neights, Although the data exhibit a little scatter it is
quite clear that, downstream of the area in which the step produces a significant wall
pressure perturbation, the development of Rg is parallel to that for the no-step condition.
Far downstream from the step the pressure gradient is very small and tending to zero,
therefore, from the two-dimensional momentum integral equaticn -
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Hence the parallel trends for Ry versus Ry indicate that the values of C¢ (and hence 1y)
have returned to the undisturbed leveis. This is in agreement with the results from the
buried hot-wire gauges (figure %),

e) Mean Velocity Profiles

An overall impression of the effect of the step on the mean velocity profiles mav
be obtaine’ from a plot of shape factor, H, versus distance downstream of the step. This
is given in figure 11, These data show that the greater the step height the larger the
distortion suffered by the mean velocity profile., However, the relaxation length does
not appear to depend upon step height. The data show that, no matter what the value of
h, the shape factor has returned to the undisturbed value approximately 10 inches, or 254,
downstream of the step. As an example of the actual velocity profiles figuves 12 and 13
show the relaxation process'for a step height of 0.124" in both 'law of the wall' and
'velocity defect' form. In both these cases the wall shear-stress used for the data
reduction is that given by tihe buried hot-wire gauges, It is clear that, in both figures,
the initial deviation from the undisturbed distributions is large but that the relaxation
process is complete at 10" from the step. .

DISCUSSION

The use of buried hot-wire gauges for the measurement of local wall shear—~stress has
shed new light on the relaxation process for a boundary layer perturbed by a Step, Data
p-esented in figure 9 show that even the largest step considered in this investigation
failed to produce a detectable deviation from the undisturbed level even though the first
measuring station was only 6.h downstream of the step. Therefore, it appears that any
relaxation of the wall shear-stress is very rapid indeed - of the order 1 tc 2 boundary
layer thicknesses rather than the 20 to 30 suggested by the survey of Hefner et al2,

It should be noted, however, that the present findings are in good agreement with the
experiments of Kiske et al7 who measured wall shear-stress distributions downstream of
roughness jumps and sudden enlargements in channels. Their results also show that
significant changes in 1y only occur in the immedjate vicinity of the perturbation) In
the present case we note that the mean boundary layer profiles are considerably altared
by the presence of the step and that the relaxation length for both 'inner' and ‘outey’
regions is of order 258, From figure 12 it can be seen that although theve is a region
close to the wall which is of the form -
Uy
g 1
ﬁ?-ALOG(V

}) + B

The valu=s of A and B do not corre.pond to the generally accepted 'universal' values
urtil the relaxation process for the mean profile is complete. Therefore if the wall
shear-stress in che vicinity of the step had been determined by the Preston tube or
Clauger plot m_thods then Cg would have been seriously underestimated. For example,
using the (irs% measuring station data given in fiqure 12, thes~ techniques would yield
a skin friction coefficient approximately 30% lower than that indicated by the buried
hot-wire gauge t the same location. Since the uncertainty of the buried hot-wire gauge
is only +10% it seems unlikely that this difference could be accounted for in terms of
measurement error, Moreover, the apparent discrepancies in the use of the Preston tube
and Clauser methods in the present case are similar in magnitude to those noted by

Kiske et al? in their experiments. The clear implication is that, in work on LEBUs or
other drag reducing devices, skin friction in the immediate vicinity of th- perturbation
should not be determined by either standard Preston tube or Clauser chart methods.

As staced i the introduction there is some interest in the forward facing step as
a source of extra drag, i.e., excrescence drag, in aeronautical applications. Previous
mecasureme.:ts ~r the drag of steps have been carried out by mounting steps on a very
sensitive drac va)>nce and data have been presented by Gaudet and JohnsonB., 1In the pre-
sent case conside <ion of the force and momentum balance for a control volume which
includes the ster ‘uv extends sufficiently far upstream, downstream and normal to the
test surface “or the static pressure to be uniform over those faces of the volume which
are in the fluid .eads to the conclusion that -

Do, o2 e .

Ce cfh"
In this relation ¢ is the drag coefficient of the step based upon the step frontal area,
C¢ is the undisturbed skin friction coefficient at the step location, h is the step
height and 4¢ is the difference between the disturbed and undisturbed momentum thickness
at the downstream end of the control volume. The ahove relatjion was used to compute the
drag of the step from the data presented in fiqure 10 and the results are presented in
figure 14 in the form Cp/Cg versus log éU,h/v). Also shown in figure 14 is the empirical
relation proposed by Gaudet and Johnson® together with the scatter hands for the data
upon which this relation was based. The present results lie well within the bounds of
the Gaudet and Johnson results and, in general, support the balance data and the suggested
empiric .l relation.
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Finally, regarding the use of commercially produced 'glue on' hot-film probes for
the measurement of local wall shear-stress, the results presented in figure 9 suggest
that, provided the thickness of the svbstrate is such that -

Uth
70 < - ¢ 250

the indicated t,, wili be equal to the shear-stress of the undisturbed surface (:10%).
In view of the considerable convenience of the 'glue on' type probe compared with the
flush mounted type used in this experiment this result is of considerable practical
importance. -

CONCLUSION

This experimental investigation has shown that a small forward facing step produces
a significant change in the mean flcw characteristics of a zero pressure gradient
turbulent boundary layer. The step induces a pressure perturbation in the vicinity of
the wall whose strength increases with increasing values of tha step height to boundary
layer thickness ratio. This pressure perturbation decreases rapidly with increasing
downstream distance and, for the step heights considered, undisturbed pressure levels
are regained at between 2 and 10 boundary layer thicknesses downstream of the step. The
initial distortion of the mean velocity profiles also increases with ncreasing step
height but the relaxation process takes place over a length of approxinately 254
irrespective of the step height. By measuring the wall shear-stress in ‘he relaxation
zone with buried hot-wire gauges it has been shown that, when plotted in inner region
variables the velocity profile close to the wall exhibits a semi-logarithmic behaviour
but this does not correspond to the ‘'universal' distribution. The data ind.cate that
the universal law of the wall is regained after 256. Results obtained from “he buried
wire yauges also indicate that the wall shear-stress recovers its undisturbec value
very rapidly - in this experiment the recovery distance was less than 2§, This is a
disappointing result from the drag reduction point of view. In addition these observa-
tions suggest that the use of standard Preston tube or Clauser chart methods for the
estimation of wall shear in perturbed boundary layers may lead to very large errors.
Consequently, these technigues are not recommended for use in evaluating the perfcrmance
of LEBU devices. The results of this investigation do, however, indicate that accurate
wall shear-stress measurements can be made with 'glue-on' hot-film gauges provided that
the substrate thickness is such that it lies within the 'law of the wall® region for the
undisturbed boundary layer.

Finally, the detailed measurements of the boundary layer relaxation prucess have
been used to evaluate the drag of the steps from considerations of the force-momentum
exchange taking place withir a large control volume. The inferred values have been found
to be in good agreement with previously published data obtained by an accurate drag
balance technigue.
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Table 1 - A summary of the test conditions

Free-stream unit Reynolds number 0.444 x 105(1/ins)
vndisturbed boundary layer thickness at step locatica 0.410 {ins)
undisturbed momentum thickness at step location 0.034 {ins)
undisturbed skin friction coefficient at step location 0.00405
step height h/6 U h
h{ins) step —v-)step
0,037 0,090 74
0.070 0.171 140
0.097 0,237 194
0.124 0.302 248
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Figure 3. The variation of the skin friction coefficient with position for the
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Figure 6. Toe mean velocity distribution through the undisturbed
boundary layer in inner layer coordinates.
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Figure 7. The mean velocity distribution through the undisturbed
boundary layer in velocity defect form.
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